A particulate fraction isolated from human neutrophils by homogenization, then centrifugation at 27,000 g, was demonstrated to generate chemiluminescence. This luminescence required the addition of reduced pyridine nucleotide and was very low in fractions from resting normal cells. Stimulation of neutrophils with opsonized zymosan, phorbol myristate acetate, or ionophore A23187 resulted in marked enhancement of the chemiluminescence measured in subsequently isolated particulate fractions. Stimulation did not boost the luminescence produced by fractions from cells of patients with chronic granulomatous disease. The chemiluminescence of particulate fractions from stimulated neutrophils was linear with increasing protein concentration, had a pH optimum of 7.0, and was higher with NADPH as substrate than with NADH. These results confirm previous studies suggesting that the enzyme system responsible for the respiratory burst in neutrophils is present in this fraction. The particulate fraction was used to examine the nature and origin of neutrophil luminescence by investigating the effect on this phenomenon of certain chemical and enzymatic scavengers of oxygen metabolites. Results suggest that the energy responsible for the luminescence of particulate fractions and, presumably, the intact cell, is derived from more than one oxygen species and that luminescence is a product of the interaction of these species and excitable substrates within the cell.
A particulate fraction isolated from human neutrophils by homogenization, then centrifugation at 27,000 g, was demonstrated to generate chemiluminescence. This luminescence required the addition of reduced pyridine nucleotide and was very low in fractions from resting normal cells. Stimulation of neutrophils with opsonized zymosan, phorbol myristate acetate, or ionophore A23187 resulted in marked enhancement of the chemiluminescence measured in subsequently isolated particulate fractions. Stimulation did not boost the luminescence produced by fractions from cells of patients with chronic granulomatous disease. The chemiluminescence of particulate fractions from stimulated neutrophils was linear with increasing protein concentration, had a pH optimum of 7.0, and was higher with NADPH as substrate than with NADH. These results confirm previous studies suggesting that the enzyme system responsible for the respiratory burst in neutrophils is present in this fraction. The particulate fraction was used to examine the nature and origin of neutrophil luminescence by investigating the effect on this phenomenon of certain chemical and enzymatic scavengers of oxygen metabolites. Results suggest that the energy responsible for the luminescence of particulate fractions and, presumably, the intact cell, is derived from more than one oxygen species and that luminescence is a product of the interaction of these species and excitable substrates within the cell.
INTRODUCTION
Phagocytosis by polymorphonuclear leukocytes (PMN)1 elicits a burst of oxidative metabolism that is intimately involved in the killing of most microorganisms (1, 2) . PMN from patients with chronic granulomatous disease, which cannot kill most bacteria and fungi, do not undergo this "respiratory burst" (2) . Oxygen metabolites proposed to participate in this bactericidal activity include superoxide anion (O°) (3), hydrogen peroxide (2), hydroxyl radical (-OH) (4-6) and singlet oxygen (7, 8) . In addition, phagocytizing neutrophils from normal subjects (7) but not from patients with chronic granulomatous disease (9) generate a burst of luminescence that can be quantitated in a scintillation spectrometer. Singlet oxygen ('02) was originally thought to be responsible for this luminescence, but analysis of the spectrum of light emitted by intact cells has indicated that the luminescence cannot be attributed to '02 alone (10, 11) . Previous attempts to identify the luminescing species have used certain scavengers and inhibitors; however, many ofthese compounds also affect other aspects of the phagocytic process in whole cells, such as binding and ingestion. We (12) (13) (14) and others (15) (16) (17) have shown NADPH-dependent oxidase activity and°2 production in a cell-free system isolated from human neutrophils. We now report that this system produces chemiluminescence that has characteristics like those of intact cells. By using the cell-free system to obviate the effects of organic scavengers on the function of whole cells, we were able to study the nature and some of the subcellular requirements of the luminescence by neutrophils.
METHODS
Preparation of particulate fractions. Neutrophils were isolated from heparinized venous blood by dextran sedimentation (4), with final preparations of -85% PMN. In some instances, purer preparations (95-99%) were obtained by Ficoll-Hypaque centrifugation (Ficoll-Paque, Pharmacia Fine Chemicals Inc., Piscataway, N. J. (4) Comparative studies indicated that particulate fractions isolated from dextran-sedimented PMN had identical activity to fractions from the more purified preparations. Zymosan (ICN Nutritional Biochemicals, Cleveland, Ohio) opsonized with fresh serum (12) and phorbol myristate acetate (PMA) (Consolidated Midland Corp., Brewster, N. Y.) (13) were prepared as previously described. The ionophore A23187, generously donated by Dr. Robert L. Hamill (Eli Lilly & Co., Indianapolis, Ind.), was dissolved in 95% ethanol before use.
Isolated neutrophil preparations at 1.5 x 108/ml in either Dulbecco's phosphate-buffered saline or phosphate-buffered saline that contained 1.0 mM Ca++ and 1.25 mM Mg+' were incubated for 3 min at 37°C with either opsonized zymosan ( 11 mg/ml), PMA (0.1 ,ug/ml), A23187 (1 ,uM), or buffer alone. An equal volume of 0.68 M sucrose was added and samples were homogenized for 5 min (13) . After a low speed (500 g) centrifugation, supernates were spun at 27,000 g (13) . In some instances, sonication was substituted for the 5-min homogenization with no effect on final activity. An enzymatic superoxide anion-generating system was used to test the effects of various inhibitors and scavengers on chemiluminescence initiated by oxygen radicals. The assay is based on the procedure of Hodgson and Fridovich (19) and consisted of the following materials in a 2.0-ml volume: 0.2 M sodium-carbonate buffer, pH 10.0, containing 0.1 mM EDTA; 0.6 U xanthine oxidase, grade 1 (Sigma Chemical Co.); 0.1 M acetaldehyde (Eastman Kodak Co.) distilled before use; and the compound to be tested or its solvent. The luminescence emitted by this system was previously shown to be caused by the carbonate radical generated by the interaction of reactive oxygen species with carbonate buffer (19) . Peak chemiluminescence obtained between 15 and 20 min, with background caused by buffer alone subtracted, was used to compare results.
Additional experiments explored the capacity of neutrophil particulate fractions to luminesce in the presence of oxygen radicals generated by either the xanthine-xanthine oxidase reaction or sodium superoxide, NaO2 (Alfa Div., Ventron Corp., Danvers, Mass.). Xanthine-xanthine oxidase alone generates only low levels of luminescence, as a result ofthe absence ofan excitable substrate such as carbonate, or perhaps the interaction of xanthine with oxygen radicals (19) . The assay medium for the xanthine oxidase system consisted of 0.1 M potassium phosphate buffer, pH 7.4,0.25 mM xanthine (Sigma Chemical Co.), 0.02 U xanthine oxidase, and 0.3-0.5 mg particulate fraction from either resting or phagocytizing cells, in a total volume of 2.0 ml. NaO2 was prepared as a saturated solution, 5.5 mg/ml, in dimethylsulfoxide. The assay mixture consisted of 0.1 M potassium phosphate buffer, pH 7.4; 10 ,u1 NaO2; and 0.3-0.5 mg particulate fraction; in a total volume of 2.0 ml. Peak activity in each system was noted at the initial count, and background activity of buffer alone was subtracted.
NADPH oxidase activity was measured by a modification of the procedure of Babior et al. (17) . The reduction of cytochrome c at 550 nm by°2 was followed on a Cary 219 doublebeam recording spectrophotometer (Varian Associates, Instrument Div., Palo Alto, Calif.). The assay mix contained 0.05 M potassium-phosphate buffer, pH 7.0; 1.0 mM Na azide; 0.1 mM EDTA; 0.1 mM flavine adenine dinucleotide; 0.08 mM cytochrome c; 0.1 mM NADPH; and 0.2-0.5 mg/ml particulate fraction protein and was placed in both sample and reference cuvettes. In addition, the reference cuvette contained 50 ,ug/ml superoxide dismutase. Azide had no effect on activity. Initial slopes were used for calculations.
RESULTS
Particulate fractions isolated from phagocytizing neutrophils were found to generate chemiluminescence in the presence of NADPH. The typical pattern obtained is illustrated in Fig. 1 . The NADPH-dependent luminescence of fractions from cells exposed to opsonized zymosan rose rapidly to a peak of _40,000-50,000 cpm/mg in 1-2 min and then declined. If NADPH were omitted or fractions from unstimulated cells were used, little activity was present.
A summary of peak activity in particulate fractions from resting and stimulated cells is given in Table I . Fractions from cells that had phagocytized opsonized zymosan had substantially greater activity than that found in fractions from unstimulated cells. The soluble stimuli, PMA and ionophore A23187, were also capable of activating PMN, in that fractions from these cells exhibited luminescence well above resting levels. With PMA as stimulus the time that activity peaked was the same as observed with opsonized zymosan (Fig. 1 A23187-treated, 1.05±0.11 (3) [mean±+SEM (n)].
In contrast to normal cells, no increase over resting levels of chemiluminescence was apparent in fractions from stimulated cells of five patients with chronic gran- (2) Opsonized zymosan 12,310+2,851 (6) * Values represent peak counts per minute per milligram of fraction used and are expressed as mean±SEM. The number of experiments performed is shown in parentheses. t Fractions from cells of five patients with chronic granulomatous disease were studied under phagocytizing conditions (one patient was studied twice). Cells from two of these patients were studied under resting conditions. ulomatous disease (Table I) . Cells from these patients had previously been shown to have defective NADPH oxidase activity (14) .
Peak chemiluminescence in fractions from phagocytizing cells was linear with respect to protein concentration as shown in Fig. 2A . On the other hand, increased amounts of protein had little effect on the low level of activity observed in particulate fractions from resting cells, indicating the lack of an efficient luminescence-generating system in these fractions. A pH optimum of7.0 was observed with fractions from phagocytizing cells (Fig. 2B) . The chemiluminescence of intact cells stimulated by opsonized zymosan at pH 6.5, 7.0, 7.4, and 8.0 was also optimal at pH 7.0 (n = 3).
The dependence of activity on reduced pyridine nucleotide was further examined. As shown in Fig. 3 , activity was greater in the presence of NADPH than NADH, especially at low substrate concentrations. When NADH was used as substrate, the time at which activity peaked and the shape of the curve obtained with time were the same as seen with NADPH ( Fig. 1) , suggesting that the same process was occurring in the use of both nucleotides.
The origin of neutrophil chemiluminescence was explored with particulate fractions from phagocytizing cells by examining the effect ofenzymatic and chemical scavengers. Activity in the presence of the enzymes superoxide dismutase and catalase is summarized in Table II . Both enzymes lowered activity, although complete inhibition was not obtained. Simultaneous addition of the two enzymes did not further increase inhibition over that seen with superoxide dismutase alone, suggesting that both enzymes acted at the same point. In control experiments, neither enzyme inhibited significantly when inactivated by autoclaving, and 100 ,ug each of two other proteins, bovine serum albumin and lysozyme, had no effect on activity. (23) (24) (25) (26) , either stimulated chemiluminescence or had no effect on activity. We examined the action of these agents on the chemiluminescence of the xanthine oxidase-acetaldehyde system, which is mediated by oxygen radicals (19 (13, 31) , which has been attributed to removal of the direct oxidative effects of O2 (31) . Ethanol produced a 48% inhibition of NADPH-dependent°2 generation, thus its slight effect on chemiluminescence is difficult to interpret.
We also investigated the possibility that excitable components of the particulate fraction could be acting to amplify the chemiluminescence generated by oxygen metabolites. Results are summarized in Table  IV . The xanthine-xanthine oxidase system, known to produce°2 (32) , generated only a small amount of luminescence. However, in the presence of the particulate fraction, the system produced high levels of chemiluminescence. Activity was primarily dependent on the presence of xanthine oxidase and the particulate fraction, as the elimination of xanthine from the system only lowered activity by -30%. This suggested that the particulate fraction contains a substrate that can be used by xanthine oxidase. However, increasing the concentration of xanthine in the system, already 100 times the reported Km (33), by 10- Fig. 2A , when the source of protein was solely particulate fraction from phagocytizing cells. Thus, the activity observed in active particulate fraction is dependent on both the amount of 02-generating enzyme and the amount of excitable substrate available. The same questions can be raised regarding the possible role of -OH in chemiluminescence. Although superoxide dismutase and catalase inhibited luminescence, the only effective -OH scavenger was tryptophan, and it also has been reported to quench '02 (25, 26) . Neither mannitol nor benzoate had an effect, whereas formate, although inhibitory, is also a known trap for H202 (36) . However, because -OH is so highly reactive, it is possible that components of the particulate fraction may successfully compete with added scavengers for any generated OH. Ascorbate has been shown to interact with 0°(30) and to inhibit the chemiluminescence of intact PMN (37), the production of -OH by PMN (6) , and the activity of NADPH oxidase in the isolated particulate fraction (31) . All of these effects of ascorbate, as well as the inhibition of the luminescence generated by the particulate fractions, could be explained by removal of°2.
Superoxide and H202 are believed to interact in the Haber-Weiss reactions, catalyzed by heavy metals, to form OH (27, 38) . Singlet oxygen has been proposed to be formed either directly in the reaction (39) or indirectly as the product of OH and 0° (40) . The lack of consistent inhibition by -OH quenchers in our system would favor the direct formation of '02 in the Haber-Weiss reaction if, indeed, '02 plays any part in this phenomenon.
Another approach to detection of '02 depends on the formation of a specific product, cis-dibenzoylethylene, by the interaction of diphenylfuran and '02 (41, 42) . However the specificity of this reaction has recently been questioned (43) , and our attempts to find product formation by the particulate fraction system in the presence of diphenylfuran have been unsuccessful.
Chemiluminescence by a Neutrophil Fractiotn
Although oxygen radicals appear to participate in the chemiluminescence, other components of the particulate fraction may serve as luminescing species. Neither the xanthine-xanthine oxidase 02-generating system nor NaO2 emitted significant luminescence. The addition of particulate fraction (in the absence of NADPH) resulted in a substantial burst of activity, indicating that excitable substrates in the fraction were participating in the light emission. Moreover, these substrates were found in equivalent concentrations in fractions from both resting and stimulated cells. The results with the NaO2 system indicate that the sequence of events resulting in chemiluminescence by the particulate fraction can be initiated by the generation of°2 alone.
Taken together, our results and previous observations concerning the spectrum of light emission by phagocytosing PMN (10, 11) suggest that the generation of chemiluminescence by neutrophils consists of several steps. First,°2 is generated by the respiratory burst enzyme, which is active in stimulated but not in resting cells. The°2 may then interact directly with excitable substrates (44) or be converted to other oxygen metabolites which react with cell constituents to amplify the effect, resulting in the final luminescence observed.
